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Background. The Genius® batch system contains a 75-L
closed reservoir from which fresh dialysate is extracted at the
top, and to which spent dialysate is returned at the bottom. In
vivo studies have demonstrated that almost the entire amount of
dialysate can be used before contamination of fresh with spent
dialysate occurs. The question is raised whether density differ-
ences cause this separation, and what the relative contributions
of temperature and solute content are.
Methods. As patient substitute, a container filled with
dialysate was loaded with various amounts of urea. Temper-
ature differences between spent and fresh dialysate were im-
posed by not heating the dialysate at the outlet line from the
dialyzer (A), heating the outlet to obtain continuously equal
temperatures at inlet and outlet (B), or to temperatures as in
vivo (C). With a dialysate flow set at 300 mL/min, urea is not
expected at the inlet before 250 minutes.
Results. With a urea concentration of 33 mg/dL, urea contam-
ination at the dialysate inlet line occurred after 185 ± 20 (A),
122 ± 11 (B), and 175 ± 12 minutes (C) of dialysis, whereas with
67 mg/dL, this happened at 219 ± 5 (A), 162 ± 11 (B), and 202
± 8 minutes (C). With 100 and 150 mg/dL, urea contamination
appeared at 224 ± 2 (A) and 204 ± 14 minutes (B), and 227 ±
5 (A) and 232 ± 3 minutes (B), respectively.
Conclusion. Both temperature differences between spent
and fresh dialysate and solute content of spent dialysate con-
tribute to dialysate partitioning in the Genius® dialysis system.
The Genius® batch hemodialysis system, developed by
Tersteegen and Van Endert [1], has gained increasing in-
terest, resulting in a marked rise of its application [2–8].
This system has a number of major assets compared to
traditional hemodialysis strategies, especially in intensive
care patients. Among the most important are: its user
friendliness, the application of ultrapure dialysate, and
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the absence of the need to perform water purification on
the spot.
One of the most intriguing features of the Genius® sys-
tem is that both fresh and spent dialysate are stored in
the same container, with a separation among both com-
partments until the container is almost entirely filled with
spent dialysate, as demonstrated in a recent study of our
group [9]. Although this remarkable characteristic is at-
tributed to physical effects related to the density of the
dialysate, caused by its temperature and solute content,
no studies are available evaluating the conditions that
influence this separation both positively or negatively.
Knowledge of these factors might be of importance, espe-
cially since the Genius® dialysis system has recently been
recommended for daily, protracted use in critically ill pa-
tients with acute renal failure [4, 5]. In this specific popu-
lation, the plasma and dialysate concentrations of uremic
retention solutes tend to become low because of a com-
bination of protracted dialysis and low solute generation
due to wasting and/or malnutrition. Likewise, because of
the long duration of the sessions, fresh dialysate may cool
progressively, and eventually may become cooler than the
spent dialysate. Hence, in these conditions, both factors
that are supposed to stabilize the partitioning between
both compartments are reduced, or even absent.
In the present in vitro study, we investigated the role of
differences in density in the partitioning between spent
and fresh dialysate. Density of spent dialysate was ma-
nipulated by varying its solute content, and by warming
spent dialysate at the outlet line from the dialyzer. The
relative contribution of both uremic solute concentration
and temperature differences was analyzed.
METHODS
The in vitro dialysis sessions were performed with
the Genius® system (Fresenius Medical Care AG, Bad
Homburg, Germany) (Fig. 1). There are a number of
specific characteristics that discern the Genius® sys-
tem from the other current dialysis machines. First,
one single double-sided roller pump, the circulator (1),
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Fig. 1. Flow chart of the Genius® dialysis system and experimental
set-up: circulator (1), closed container with 75 L of dialysate (2), spent
dialysate (3), fresh dialysate (4), dialyzer (5), patient substitute (6),
arterial bloodline (7), venous bloodline (8), thermometer at the inlet
line of the dialyzer (9), thermometer at the outlet line of the dialyzer
(10), heat exchanger (11), water bath heated by an immersion circulator
(12), dialysate sampling port at the inlet line of the dialyzer (13), and
dialysate sampling port at the outlet line of the dialyzer (14).
simultaneously generates blood and dialysate flow, which
are, per definition, the same (maximum 300 mL/min).
Second, the system contains a closed reservoir of 75 L of
dialysate (2): the spent fluid (3) is drained at the bottom
of the container, and the fresh dialysate (4) comes from
the top of the reservoir. Third, the dialysate is heated only
during the preparation procedure of the Genius®; once
the container is filled, heating of dialysate is impossible.
In the present study, polysulfone membranes (F70S, sur-
face 1.6m2; Fresenius Medical Care) were applied and the
blood/dialysate flow was set at 300 mL/min. The sessions
lasted 270 minutes, and no ultrafiltration was imposed.
During the rinsing phase, the dialysate lines were not
mounted in the circulator; hence, no dialysate was used
prior to the start of the dialysis session. Dialysate compo-
sition was as follows: Ca, 1.25 mmol/L, Mg, 0.5 mmol/L,
K, 1 mmol/L, Na, 140 mmol/L, HCO3, 35 mmol/L, Cl,
111.5 mmol/L, HCl, 2.0 mmol/L, glucose, 5.5 mmol/L,
and citrate, 0.084 mmol/L. During the preparation proce-
dure, the dialysate of the Genius® container was heated
to 37.6 ± 0.2◦C. As patient substitute, a container filled
with 30 L dialysis fluid (same composition as used in the
Genius® container) was loaded with various amounts of
urea (10, 20, 30, and 45 g), corresponding with a predial-
ysis urea concentration of 33, 67, 100, and 150 mg/dL,
respectively, or expressed as blood urea nitrogen (BUN),
corresponding to 15, 31, 47, and 70 mg/dL. The lowest con-
centration was chosen as an extreme, allowing the iden-
tification of the mechanisms of mixing and separation.
After the preparation at 37.7 ± 0.2◦C, this fluid sponta-
neously cooled to 31.4 ± 0.6◦C at the end of the experi-
ment. To avoid recirculation, inlet and outlet bloodlines
were fixed in the container as far as possible from each
other and a blender mixed the fluid continuously.
The terms “inlet” and “outlet” dialysate lines, used in
the present publication, refer to the dialyzer and not to
the Genius® container.
To investigate the influence of the temperature dif-
ference between spent and fresh dialysate, the dialysate
at the outlet line from the dialyzer was heated to vari-
ous degrees. Two extreme situations were aimed at: first,
spontaneous cooling of the spent dialysate without ex-
ternal heating, and second, heating until equal tempera-
tures were obtained at both lines. A third intermediate
schedule mimicked the temperatures observed in the in
vivo application of 10 nonfebrile chronic hemodialysis
patients (personal data). For that purpose, the dialysate
outlet line was connected to a heat exchanger originating
from a Centri 3 (Cobe, Zaventem, Belgium), in connec-
tion with a water bath heated by an immersion circulator
(Julabo P, Belgolabo, Overijse, Belgium) prior to its in-
flow into the Genius® tank. Dialysate temperature was
measured throughout the session both at the inlet and
outlet dialysate line. Digital thermometers with 0.1◦C
precision (Oregon Scientific, Inc., Tualatin, OR, USA)
were inserted into the dialysate lines, at 10 cm distance
from the connection with the tank. The thermometer at
the outlet dialysate line was positioned downstream of
the heat exchanger. The heat exchanger was adjusted
manually to obtain the target temperatures at the outlet
dialysate line. Temperatures were measured every five
minutes during the first half hour of the session, and sub-
sequently every quarter until 210 minutes. From then on,
measurements were again recorded more frequently: at
220, 225, 230, 235, 240, 250, 260, and 270 minutes. Temper-
atures at the start of the session could not be measured
as such because prior to circulation, the lines contained
fluid at room temperature. Therefore, an equilibration
time was needed; the first measurement was set at five
minutes. Of the three distinct temperature patterns: (1)
no heating of the outlet dialysate line; (2) heating of the
outlet dialysate line to obtain continuously an equal tem-
perature at both inlet and outlet dialysate line; and (3)
heating of the outlet dialysate to obtain temperatures as
we observed during the in vivo application of the Genius®
system, the first two temperature patterns were applied
with all four urea concentrations, the last one only with
33 and 67 mg/dL urea. In total, 10 different combina-
tions were examined; each combination was tested six
times.
Dialysate was sampled in polystyrene tubes (Merck
Eurolab, Leuven, Belgium) at different time points dur-
ing the dialysis sessions: from the outlet dialysate line ev-
ery 30 minutes, and from the inlet dialysate line at five, 30,
60, 90, and subsequently every quarter until 210 minutes.
From then on, samples were again taken more frequently:
at 220, 225, 230, 235, 240, 250, 260, and 270 minutes. The
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Fig. 2. Dialysate temperatures measured in
the inlet line to the dialyzer (full lines) in ex-
periments with 33, 67, 100, and 150 mg/dL urea
and with no heating (closed squares), with
heating until equal temperatures (asterisks),
heating as in vivo (closed circles), and in outlet
line from the dialyzer (broken lines) without
heating (open squares) and heating as in vivo
(open circles).
samples were stored at −20◦C until analysis. All samples
were tested for urea concentration.
Analytical techniques
Urea (mg/dL) was determined by an enzymatic urease
reaction (Roche Diagnostics, Mannheim, Germany).
Calculations and statistics
Temperatures of fresh dialysate measured at the inlet
line from 30 until 120 minutes were fitted with a one-phase
exponential analysis (Excel 2000; Microsoft, Redmond,
WA, USA).
Temperature differences between fresh and spent
dialysate were obtained by subtraction of the measure-
ments at the inlet line from those at the outlet.
Data were expressed as mean ± standard deviation
(SD). One-way analysis of variance (ANOVA) (Kruskal-
Wallis), followed by Mann-Whitney test was applied
(GraphPad Prism® 3.0; Graphpad Software, San Diego,
CA, USA). Significance was accepted if P < 0.05.
RESULTS
Temperature in dialysate inlet and outlet lines
Figure 2 displays the temperatures measured in the in-
let and outlet dialysate line for the different urea and
temperature schedules at different time points.
In the experiments without external heating, a progres-
sive cooling at both inlet and outlet line is observed. The
progressive cooling of the fresh dialysate measured at
the inlet line follows a first order cooling process, de-
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Fig. 3. Temperature measured at the inlet line minus that measured at
the outlet with 33 (circles), 67 (squares), 100 (triangles), and 150 mg/dL
urea (asterisks). Full lines for experiments without heating, and broken
lines for experiments with heating as in vivo.
scribed as T(t) = Ta + (T0-Ta). exp(-k.t), with Ta the
ambient temperature (◦C), T0 the temperature at the
start, T(t) the actual temperature at time point t, and k
the thermal transport velocity determining the speed of
cooling, which is 0.00096 ± 0.00012min−1. As illustrated
in Figure 3, a temperature difference between fresh
dialysate measured at the inlet line and spent dialysate
measured at the outlet in the range 1.8 to 2.8◦C is main-
tained throughout the session, with spent dialysate being
consistently cooler than fresh dialysate.
In the experiments in which the dialysate at the
outlet line was heated to obtain the same tempera-
ture as at the inlet, both lines have, by definition,
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Fig. 4. Urea concentration at the inlet dialysate line (full line, full
squares) and outlet dialysate line (broken line, open squares) in a repre-
sentative experiment with 100 mg/dL urea and heating of the dialysate
outlet line until equal temperatures.
identical temperatures. The progressive cooling of the
fresh dialysate measured at the inlet dialysate line is also
described by a first order exponential equation, with k be-
ing 0.00061 ± 0.00007min−1. Comparing the experiments
without heating to these with heating until equal tem-
peratures, a faster decline of inlet temperature is noted
in the schedule without heating (P < 0.0001), pointing to
the fact that the temperature of spent dialysate influences
that of fresh dialysate.
In the experiments with external heating of the out-
let line in order to obtain similar temperatures as we
observed in the in vivo sessions, the curves of inlet and
outlet temperatures intersect at 123.8 ± 18.5min. During
approximately the first two hours of the session, the inlet
line temperature is warmer than the outlet, whereas in the
last part of the session, the temperature of the outlet line
exceeds that of the inlet line. Hence, the temperature dif-
ference between fresh dialysate measured at the inlet line
and spent dialysate measured at the outlet line, as illus-
trated in Figure 3, decreases from 0.9 at the beginning of
the session to −0.6◦C at the end. The progressive cooling
of the fresh dialysate measured at the inlet dialysate line
is described by a first order equation, with the thermal
transport velocity being 0.00058 ± 0.00004min−1. Com-
pared to the schedule without heating, a slower decline
of inlet line temperature is observed in the schedule with
heating as in vivo (P < 0.0001). Compared to the sched-
ule with heating until equal temperatures, no difference
is observed (P = 0.127).
Concentration profiles of urea in the dialysate inlet and
outlet lines
Figure 4 displays the concentration of urea in the inlet
and outlet dialysate line in a representative experiment
with a urea concentration of 100 mg/dL and heating of
the dialysate outlet line to obtain an equal temperature
at both inlet and outlet dialysate line. In the dialysate out-
let line, a progressive decline in concentration of urea is
observed, reflecting the decreasing concentration in the
container used as patient substitute. In the dialysate in-
let line, an abrupt increase in urea concentration is ob-
served at 210 minutes, reflecting the contamination of
fresh dialysate at the inlet line with spent dialysate. Per
individual experiment, urea appears abruptly from min-
utes 105 to 235.
When data from all six experiments per setting are av-
eraged (Fig. 5), the abrupt change is slightly attenuated.
After the appearance of urea at the inlet line, its con-
centration exceeds that measured at the outlet line in the
experiments with 67 mg/dL urea without heating and with
100 and 150 mg/dL urea irrespective of heating schedule.
In the experiments where urea appears earlier at the inlet,
its concentration equals or remains below that measured
at the outlet line.
Time points of urea appearance at the dialysate inlet:
moment of contamination with spent dialysate
The mean interval before urea appears in the inlet
dialysate line is displayed per experimental setting in
Table 1. In the experiments without heating the outlet
line, contamination of inlet dialysate with urea occurs
progressively later, with increasing urea concentrations:
from 185 ± 20 (33 mg/dL urea) to 227 ± 5 minutes
(150 mg/dL). Likewise, in the experiments with heating
until equal outlet and inlet temperatures, the appearance
of urea in the inlet line occurs at progressively later mo-
ments from 122 ± 11 (33 mg/dL urea) to 232 ± 3 min-
utes (150 mg/dL). In the experiments with heating of the
dialysate outlet comparable as in the in vivo experiments,
urea appears in the inlet line after 175 ± 12 and 202 ±
8 minutes of dialysis with 33 and 67 mg/dL urea, respec-
tively. For each urea concentration, except for 150 mg/dL,
contamination occurs earlier when the dialysate outlet is
heated compared to the experiments without heating. In
the experiments with heating as in vivo, intermediate re-
sults between the two temperature patterns are obtained.
The volume of dialysate that has crossed the dialyzer
outlet when urea appears in the inlet line is displayed
to give an exact perception of the volume of available
clean dialysate (Table 2). Because dialysate flow is fixed
at 300 mL/min, relative differences are the same as with
time (Table 1). Contamination of inlet dialysate with urea
starts from 36.7 ± 3.2 L (33 mg/dL urea with heating until
equal temperatures) to 69.6 ± 0.9 L (150 mg/dL urea
under the same temperature condition).
DISCUSSION
In the present study, the impact of differences in
dialysate density on the separation between spent and
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Fig. 5. Inlet dialysate concentration (full lines, full squares) and outlet dialysate concentration (broken lines, open squares) in mg/dL of urea in
experiments with 33, 67, 100, and 150 mg/dL urea and without heating of the dialysate outlet line (A), heating until equal temperatures (B), and
heating as in vivo (C).
Table 1. Interval (minutes after start of the session) before urea
appears in the dialysate inlet line
No Heating Heating until
heating as in vivo outlet = inlet
33 mg/dL urea 185 ± 20 175 ± 12 122 ± 11 a,b
67 mg/dL urea 219 ± 5 c 202 ± 8 a,c 162 ± 11 a,b,c
100 mg/dL urea 224 ± 2 c,d – 204 ± 14 a,c,e
150 mg/dL urea 227 ± 5 c,d – 232 ± 3 c,e,f
aP < 0.01 vs. no heating; bP < 0.01 vs. heating as in vivo; cP < 0.01 vs. 33 mg/dL
urea; dP < 0.05 vs. 67 mg/dL urea; eP < 0.01 vs. 67 mg/dL urea; fP < 0.01 vs. 100
mg/dL urea.
fresh dialysate was investigated during in vitro dialysis
with the Genius® system. We demonstrated that both urea
concentration and temperature play a role in the par-
titioning between spent and fresh dialysate. The higher
the urea concentration in the container used as patient
substitute, and the higher the temperature difference
between warm fresh and cool spent dialysate, the later
urea appears in the dialysate inlet line, which corre-
Table 2. Spent dialysate volume (L) at which urea appears in the
dialysate inlet line
No Heating Heating until
heating as in vivo outlet = inlet
33 mg/dL urea 55.4 ± 6.1 52.4 ± 3.7 36.7 ± 3.2 a,b
67 mg/dL urea 66.1 ± 1.6 c 60.1 ± 2.3 a,c 49.1 ± 3.5 a,b,c,
100 mg/dL urea 67.6 ± 0.7 c,d – 61.2 ± 4.2 a,c,e
150 mg/dL urea 68.3 ± 1.6 c,d – 69.6 ± 0.9 c,e,f
aP < 0.01 vs. no heating; bP < 0.01 vs. heating as in vivo; cP < 0.01 vs. 33 mg/dL
urea; dP < 0.05 vs. 67 mg/dL urea; eP < 0.01 vs. 67 mg/dL urea; fP < 0.01 vs. 100
mg/dL urea.
sponds to the moment that adequate dialysis is no longer
possible.
Our data prove that the partitioning between spent and
fresh dialysate is the consequence of differences in den-
sity, which has up until now never been demonstrated in a
direct way. In standard dialysis conditions, spent dialysate
is loaded with uremic solutes and has, for an equal temper-
ature, a higher density than fresh dialysate. In addition,
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if spent dialysate cools down due to passage through the
circuit, this also results in an increased density [10]. The-
oretically, with the dialysate pump set at 300 mL/min and
in the absence of ultrafiltration, 75 L dialysate would have
crossed the dialyzer after 250 minutes. If no mixing would
occur, urea should not appear in the dialysate inlet until
that time point. However, in chronic hemodialysis pa-
tients, uremic solutes appear between the 230 and 250th
minute [9]. In the present experiments, mixing occurs
even earlier than that, and much earlier than expected
when the urea concentration in the container is lowered,
and/or when the temperature difference is neutralized by
heating spent dialysate before its re-entry into the con-
tainer. Hence, it is concluded that a difference in density
is necessary to maintain the partitioning between spent
and fresh dialysate, and that both temperature and so-
lute concentration can contribute to this density. With
the highest urea concentration, however, no reinforcing
effect on partitioning was obtained by a temperature dif-
ference. In addition, with the highest temperature differ-
ence also no reinforcing effect was obtained by increasing
the urea concentration from 100 to 150 mg/dL. Hence, the
second contributing factor becomes relatively irrelevant
if one factor is altered to a sufficient extent to have an
overriding effect. This explains why in chronic dialysis
patients loaded with high solute concentrations, no ben-
eficial effect was obtained by increasing the temperature
difference [9].
The clinical relevance of our findings is considerable.
From the moment dialysate at the inlet line becomes
contaminated with uremic solutes, dialysis efficiency will
be reduced to a minimum; eventually, uremic solutes
may even cross the dialyzer membrane backward to the
patient’s blood. Some specific applications are at risk
for early contamination of fresh dialysate because they
are associated with a blunting or even disappearance of
the density differences. On the one hand, a reduced so-
lute content of spent dialysate may be encountered in the
detoxification of nonrenal patients after poisoning with
highly toxic low-molecular-weight substances, as well as
in the application of daily, protracted dialysis in the inten-
sive care patient. Nevertheless, the latter patients gener-
ally have a BUN in excess of 30 mg/dL, in contrast to the
presently applied urea concentrations.
The question might be raised whether there are techni-
cal solutions to solve this problem. Theoretically, a better
separation between dialysate fractions can be achieved
by creating a larger density difference. One way to at-
tain this aim could be by the infusion of trisodiumcitrate
(258D) at the inlet bloodline, as applied for loco-regional
anticoagulation. Because almost 70% of citrate is dia-
lyzed [11], an increase in solute concentration of spent
dialysate of 76 mg/dL is expected for a citrate concentra-
tion of 4.3 mmol/L in the dialysis circuit inlet blood as
currently applied [12].
On the other hand, we demonstrated in the present
study that cooling of spent dialysate stabilized the sep-
aration between fresh and spent dialysate compared to
the situation in which spent dialysate was heated until
equal temperatures as measured at the inlet. Intermedi-
ate heating of spent dialysate, as performed during the
first two hours of the experiments where temperatures
as in vivo were pursued, resulted in intermediate stabi-
lization of both fractions. It can be expected that during
the progression of a protracted dialysis, fresh dialysate
eventually becomes cooler than spent dialysate, the tem-
perature of which is maintained by the passage through
the dialyzer as the blood temperature is more or less pre-
served. Hence, during protracted dialysis, the tempera-
ture difference that stabilizes the partitioning between
both fractions disappears and eventually inverts, result-
ing in a situation at risk for early contamination of fresh
dialysate with loss of dialysis adequacy. If the core tem-
perature of the patient is elevated, as often observed in
sepsis, this process might occur sooner.
Theoretically, a better separation between both frac-
tions can be maintained if a larger temperature differ-
ence is created. This can be reached if spent dialysate is
additionally cooled by the use of longer dialysate out-
let tubings, and/or if fresh dialysate is prepared at a
higher start temperature. The latter, however, can lead
to hemodynamic instability due to heat transfer to the
patient.
One might wonder how separation and mixing of
dialysate occurs. It is expected that inside the container, a
continuous stratification based on density is present, with
the highest density at the bottom layers. Dialysate pro-
gressively cools despite the insulation of the container,
as proven by the data obtained when the outlet is heated
so that the temperature equals the one measured at the
inlet. As a consequence, no net change in temperature
of the dialysate occurs outside the container. Hence, the
progressive decrease in temperature observed at the inlet
can only be attributed to the cooling of dialysate inside
the container. Immediately after the preparation, even
prior to dialysis, this cooling starts at the outer wall of the
container, resulting in a sinking of the cooler dialysate by
gravity. Hence, a temperature gradient similar to the den-
sity gradient comes into being, with heavy cool dialysate
at the bottom and the lighter warmer dialysate at the
top. During dialysis, spent dialysate, although drained at
the bottom of the container, will climb to a position in
the container where similar densities are present. Spent
dialysate loaded with high amounts of urea will have a
high density and, therefore, will remain at the lower part.
Spent dialysate with a lower solute content, as seen in
the experiments with a low urea concentration from the
start, on, or during the progression of the session, will
have a low density and, therefore, will join the higher lay-
ers. This clarifies why, in all experimental settings, urea is
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encountered in the inlet dialysate line before the 250th
minute, and why this occurs earlier with low urea start
concentration.
In the experiments where spent dialysate is heated at
the outlet line until equal temperatures as measured at
the inlet line, the spent dialysate reinfused at the bottom
of the container is warmer than the cool fresh dialysate
already present at the bottom. Hence, this drained warm
dialysate will ascend above the cooler and heavier fresh
dialysate unless solute content results in a higher density
and counteracts this upward movement. This clarifies why
recirculation of spent dialysate occurs earlier when spent
dialysate is heated at the outlet line compared with no
heating unless high urea concentrations were applied.
Theoretically, a better separation between the dialysate
fractions can be maintained if cooling inside the container
is prevented.
Next to the Genius®, other batch dialysis systems are
currently in use, such as the Personal Hemodialysis sys-
tem (PHD) from Aksys (Lincolnshire, IL, USA) [13]. In
contrast to the Genius®, because the cold fresh dialysate
is situated at the lower part of the container and the warm
spent dialysate above, the partitioning between spent and
fresh dialysate in the PHD relies solely on differences
in temperature, whereas the uremic solutes present in
spent dialysate contribute to mixing, rather than refrain-
ing it. The temperature differences between spent and
fresh dialysate are, however, much larger compared to
these found in the Genius®.
CONCLUSION
It is demonstrated that with the Genius® dialysis system
both uremic solutes and temperature contribute to the
separation between fresh and spent dialysate. The higher
the urea concentration in the container used as patient
substitute, and the higher the temperature difference be-
tween the warm fresh and cool spent dialysate, the later
urea appears in the dialysate inlet line. These in vitro find-
ings clarify the mechanisms of dialysate partitioning, but
should be carefully extrapolated to the in vivo applica-
tion because human plasma, next to urea, contains many
other dialyzable substances with potential influence on
partitioning.
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